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Wind-driven Coastal Generation of Annual Mesoscale
Eddy Activity in the California Current

ALEJANDRO PARES-SIERRA® ' WARREN B. WHITE®, anp C-K. Tar**

* Scripps Instituiion of Oceanography LCS0 La Joiia. Colihvrig
‘Ceniro de Invesngacion Creniifice 3 Educncion Superior dv Ensenvds
SENOLL NOS Rocksilie. Marviand

(Manusenpt recened 26 September (991 in final form T Mas 1980

ABSTRACT

Two candidste sources for the generation of mesoscale eddy sctivity iz the Califorsia Current are jocal
baroclinic instability and/or the wind siress adjacent 1o the coast. The latter constituiom zemete fercsng,
with eddies propagsting westward from the cosst into the Califortis Currest via Romby ware dynamics
In this study, two wind driven modeis are utilised to lest 1he relative significance of thesr twe sources, one
an eddy resolving quasi- geostrophic (Q-G) model, whick has the ability to represest bareclox invtab:lity
but not the coaatal response Lo winds, and the other & 1.1/2 layer primitive equation {PE) model, wdaeh
bas the ability to represent 1he coastal raaponse to winds but nol baroclinic izslability. Botk models Tave
the same spatial grid [i.e, approximately 20 tm) and are drives by the same course.grid wizd sizem forcisg
ficlda over the same one year time period [ie., November 1588 to October 1987), 1his prriod chiowes becaune
of the availability of Geosat altimeiric sea level observalioss with which to verify these models. Fazhier,
White ¢f al. {1990) aoalysed these same altimetnic sea level observations, findizg dominast mesoscale eddy
activity occurring oo wavelesgib scales of 400-800 km and period scales of 6-12 moznihs, propagating to the
west at 2.5 cm/sec, fsater at lower latitude, governed by Romby ware dysamics. We fnd in 1ho study
that the PE model ir sble to simulate qualitatively this distributios of 1he eddy wariance ws it appears in
altimetric sea Jevel, yielding significant coberence and phase betwees model and obeerved sea level residuale
along longitude/time matrices at 30'N asd 40" N. The Q.G model, on the cther band, is found izcapabdic
of simulating even the qualitative distribution of eddy variance. The reason for the sgreemoent beiwern the
~  PE model and the satellite altimetric sca jevel observations s that tde dominant source of mescscaic eady
activity on these tiroe and space scales is the wind forcing adjacent 10 the coant, modified by botd Rosby

and Kelvin wave dynamics.

1. Introduction was difhcult 1o study with the CALCOFT hadrograph

observations because of lack of adeguaie time «
quences that would allow individual eddics 10 b
iracked over space-lime. The advent of satellite of
servations made possible a ssnopuc view of the surfoc
eddy field. ofien repeated for weeks and months a1 :
ume.

Mesoscale eddy activity in the California Current
svstem has been examined repeatedly over the vears
(e.g.. Wyllie [966: Bernsiein et al. 1977 Simpson et
al. 1984; Reinecker et al. 1987 ) using both in situ and
satellite observations. The study of eddy activiiv in the
California Current began with the analvsis of in situ
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hvdrographic data collected during a sequence of
CALCOF1 crvises beginning in 1950. with eddies and
fronts embedded in the California Current repeatedly
observed over a period of many vears. In iong-term
monthly mean dynamic height maps from CALCOF],
Wyllie (1966) demonstrated the existence of semiper-
manent eddies in the California Current off Point
Conception and adjacent 1o Punta Eugenia. Hickey
{1979) later demonstrated the existence of a semiper-
manent eddy west of Monterey in these same data,
Prior 10 satellite observations, transient eddy activity

C arresponding aurhor address: Alejandro Pares-Sierra. Scnpps Ine
stitution of Oceanography. A-021. University of Catifornia. 9% Gilman
Drnive, La Joila, CA 92093-0221.

£ 1993 American Meieorological Society

Transient eddy activity in the Caiifornia Current was
first studied using AVHRR obsenvations by Bernsiein
etal. (1977), finding transient mesoscale eddy activity
in the California Current 10 have onginated in near-
coastal waters, This observation was followed by Owen
(1980) who examined mesoscale eddy activity in the
California Current from a vanety of in situ and satelite
observations. finding semipermancnt cddics associated
with coastal and bathymetnc irregulanitics (¢ g the
semipermanent eddy off Point Conception ). and iran-
sient eddies associated with wind cvents adlacent 1o
the coast. A thorough hydrographic study of one spe-
cific transient eddy obscrved in satciite data was con-
ducted by Simpson et al. (1984). in which s origin
was examined in the light of thcories of topugruphic
generation and barochinic instability. This cddy wus
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found 10 have coastal undercurrent water at its center.
suggesung its ongin at the coast. These satellite studies
began 1o suggest that transient mesoscale eddy acivily
in the Califorma Current had its ongin 1n the near
coastal region, propagating westward from there into
the current.

A sequence of tocalized intensive hydrographic sur-
veys in a small subregion of the California Current
region was conducted (cailed OPTOMA } in order (o
study the behavior of mesoscale eddy actisuty i1n the
current {e.g., Robinson et al. 1986; Rewnecker e1 al.
1987). The high-resolution data of the OPTOMA ex-
periment was inserted by Reinecker et al. (1987)nto
a quasigenstrophic numencal model. performing dy-
namical interpolation and providing forecasts of the
eddv evolution in the survey region. They found these
mesoscale eddies tracking westward through the subre-
gion at Rossby wave speeds. Based on an analyvsis of
the energy budget. they found that forcing by the curl
of the wind stress, as well as baroclinic instability pro-
cesses. were essential for understanding the evolution
of the observed eddies in the current. This work had
little to say about the origin of these eddies. focusing
rather on their modification by the local wind-stress
cur! and the background current.

Mesoscale eddy activity over the entire California
Current region was examined by White et al. { 1990),
based upon altimetric sea-leve] observations from the
Geosat Exact Repeat Mission (ERM) over the one-
year peniod from January 1987 1o December 1987,

" Analysis of sea-level residuals from the long-term mean

permitted a visualization of the space-time evolution
of the mesoscale eddy activity over the entire region
not previously possible. The rms differences of the al-
timetric sea level about the mean showed maximum
eddy activity at three principal locations adjacent to
the coast of California; that 1s, off Punia Eugenia at
27°N. southwest of Point Conception at 32°N, and
adjacent 1o the coast between Monterey and Cape
Mendocino. Time-longitude plots demonstrated
coastal mesoscale eddy activity propagating westward
into and through the California Current.

Numerical models are powerful 100ls in the inves-
tigation of mesoscale eddy generation and dynamics.
A good example of this is given by Holland and Lin
(1975a,b) and Holland (1978), who used both quasi-
geostrophic (QG) and primitive equation (PE) models
in studying the role of mesoscale eddies in the general
cirrulation of the ocean. Holland established that me-
soscale eddies spontaneously arise from instabilities in
the mean ocean currents and are subsequently con-
trolled by nonlinear Rossby wave dynamics. Recently,
numerical models have developed the capability for
conducting realistic simulations that allow this and
other hypotheses 10 be tested. A particularly relevant
modeling study of the variability of the eastern Pacific
is the one done by Cummins et al. ( 1986) using a sim-
plified one-layer QG model. They analyzed the simu-
Jated Rossby wave field in the eastern Pacific and found

alinze 12

110 be domunated by wases emansting rom the cast-
ern boundan . wrgsnised mio cohorent paterns Ths
showed very Cleariy that vanabie wend Jurl neat the
coast can be 3 saurve tor Rossty waves for the whaie
castern Pacthe The mode! used in thas 1onler study does
not have the capacity of becomng barachmols umstabie
{beng a one-laver model ) and hence, could nol B
the imponance of this contnbution 10 the overall eddy
energy budget of the region. More recent studies (e g
Auad et sl 1991 have shown that for the QG modet
in general the contnbution 1o the odds wanabdiny
the California Current region from the wind-cuti fore-
ing 15 overshadowed by the coninbuton from haro.
climc instabahity.

Therefore, two sources for the generanon of meso-
scale eddy acuvity n the Cahforma Current are by
pothesuzed: 1.¢.. locai barochnic instabibity of the man
current and remote generanon of eddy actnny by the
wind stress adjacent 1o the coast. the lznier propagating
westward into tand through s the Cabforma Current
via Rosshy wase dvnamics. To test these hypothenes,
two numencal modeis are uuhized One model s eght
lavers. edds resolving and quasigensiraphc QG with
the ability to represent barachmc wnsabilitny bat not
the coastal response 10 winds. The other model s g
{1fa-laver pimitive equation (PEY. with the abibits o
represent the coastal response to winds but not baro-
clinic instability. Both numencal models have a simlar
spatial gnd (1.e.. approvimately 20 kmyiand are driven
by the same coarse-gnd wind stress forcing fields over
the same ohe-vear time penod {re.. January 1987 10
December 1987). Each model attempts 1o provide o
realistic simulation of the mesoscale eddy actinity in
the California Current. These model resulis are then
compared with those observed during the last vear of
the Geosat ERM (White et al. 1990) 1esting the eddy
generation mechamsm soluted 1n cach model. OF
course, each of these models { QG and PE ) include
“more physics than just barochinmc instability and locul
wind forcing at the coast. Mowever. as urgued helow,
for the California Current area and for the realisuic
wind used. those two mechanisms dominate the re-
spons¢e of the QG and PE model, respectivelv.

2. Geosat altimetric sea-level residuals in the
California current

Geosat altimetnc sea-fevel residuals in the Calffornia
Current region for the period January 1987 to Decem-
ber 1987 are used in this study in a comparnison with
the model-generated mesoscale eddy activity. A com.
plete description of the Geosat Exact Repeut Mission
{ERM ) in this region is given by White ¢1 al. {1990}
in this studv. only a brief account of the ERM und the
extensive preprocessing of the raw data is given. This
is followed by a discussion of the rms of the intry-
annual variability about the 1987 mcun. taken from
White et al. (1990). b

The Geosat ERM has a 17-day repeut orhit ¢yvele
and a longiudinal track scparation of approximately




1.47 degrees. Along the ground track,. one-second av-
erages of altimetnc sea-level measurements are formed
with a spanal resciution of approximately 6 7 am. The
grid resulting from the superposition of all the ascend-
ing and descending orbits 1in the California Current
region is shown in Fig. 1. A one-vear period ifrom
January 1987 1o December 1987 ) 1s available for use
in this study, previously analyzed by White et al.
(1990). Preprocessing of the altimetnc sea-level ob-
servations begins with an application of the environ-
mental corrections supplied with the raw observations,
Next, 10 remove the geoid and residual orbit error. the
track mean is subtracied from each individual obser-
vation, producing alimetnc sea-level residuals, and the
resulting residuals are detrended along cach track. A
Gaussian filter is then applied 10 the alongtrack alu-
menc sea-level residuals, suppressing the vanance of
wavelengths less than 50 km. This latter procedure s
conducted as a3 quality control exercise to suppress
white noise assumed to be of instrumental ongin. Fi-
nallv. the alongirack data is decimated at 25-km in-
tervals. Only the filtered/decimated alimetng sea-level
residuals along ascending tracks are used in this study.

These filtered /decimated altimetnic sea-level resid-
uals are mapped onto a regular 0.5° lautude~longitude
grid (White et al. 1990} over the California Current
region every 17 days over the one-vear period of in-
terest. The subsequent spatial distribution of rms dif-
ferences about the one-vear mean is displaved in Fig.
2. Overall, maximum rms vaniability is confined 10 the
coastal ocean in three different latitude locations. A
latitude maximum occurs adjacent 10 the coast of
Northern California from 37°N 10 40°N, extending
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F1G. 1. Distribution of the ascending and descending tracks from
the GEOSAT Exact Repeat Mission. Each 1rack was separated from
adjacent tracks by approximately 140 km: each track was repeated
every 17 days for the one-vear period ( January 1987-December 1987)
of this study.
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alumetne sea tevel about the one-vear mean from Januarn 7.
December 1987

from Monterey to Cape Mendocino, Another locul
maximum occurs southwest of Point Conceplipn near
329N, 120°W, where frequent mesoscale eddy aciivty
(1.e.. the Southern Cahfornmia Eddy } was noted repeat-
edly (e.g.. Simpsan e1al. 1986)_ A third local mavimum
occurs drectly west of Punta Eugenia where frequent
mesoscale eddy activity was also noted carlier feg.
Wyllie 1966). Most imponantly with regards to this
study are the extensions of these rms vanabihny mas.
ima toward the west, suggesting westward propagation
of mesoscale eddy energy from these apparenm source
regions. each extending from the coast out into the
California Current nself

3. Primitive equation model of the California current

The {1/2 laver PE mode! used in this study s de-
scribed i1n detail by Pares-Sierra and O Brien (19893
It consists of one dynamically active laver of consiam
density p and vanable depth /f over an infimicly deep
lower laver of higher density p + Ap. The model do-
main extends from 20°~50°N and from the coast of
North America 1o 150°W. The eastern boundary of
the model domain realistically follows the geometry of
the eastern North Pacific coastline. The northern,
southern, and western boundaries are open. with a
Sommerfeld radiation condition {e.g.. Camcrlengo and
O 'Brien 1980) imoosed there. The spatiat resolution
over this model domain is approximaicly 20 km in
both the zonal and meridional dircctions. The cqua-
tions of the modcl arc

ol i a (L* g LV ) )
— — =+ - = [ =] - (2 sin)}
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where 8 and ¢ are the latitude and longitude, respec-
tively; {"and V are the transports in the east-west and
north-south directions, respecuvely: /M is the depth of
the upper layer: ' is reduced gravity: r* and r ® are the
wind-stress components; 4 is the eddy viscosity coef-
ficient; and a is the radius of the earth. The values of
the parameters are given in appendix A,

Earlier, Pares-Sierra and O'Brien ( 1989 ) had forced
this mode! with realistic monthly mean wind stress{1.e..
computed from the COADS surface wind observation
set), 1o simulate the interannual variability of the Cal-
ifornia Current. The pattern of the average circulation
in the North Pacific derived from the 1i/2 laver PE
mode] was demonstrated 1o be similar to that observed.
Moreover. upper-laver seasonal and interannual van.
ability in the model was demonstrated to be similar to
that observed at a number of coastal sea level stauons
{Pares-Sierra and O'Brien 1989). At that time, Pares-
Sierra and O'Brien (1989) found most of the seasonal
vanability in the model onginating at or near the coast.
Subsequent off-shore propagation of this coastal van.
ability appeared 10 provide for significant mesoscale
eddy activity in the California Current ( Pares-Sierra
1991). This supported the earlier suggestion by Mysak
(1983) that annual fluctuations at the eastern boundary
were responsible for most of the mesoscale eddy activity
in the interior ocean.

In the present study, the Fleet Numerical Oceano-
graphic Center (FNOC) Surface Wind Analvses are
used 10 compute syvnoptic wind-siress estimates for
dniving the PE model over the period coincident with
the Geosat ERM. The synoptic FNOC wind-stress es-
timates have a resolution of two degrees in the mend-
ional and zonal directions, and of one day in time;
these estimates are interpolated down onto the 10 km-
20 minute space~time grid, upon which the model is
integrated. The model integration is conducted in three
stages: the model is driven from rest for 10 years with
the annual mean wind-stress estimates. then. the model
is driven for another ten years with the long-term mean
annual cycle of the wind stress: finally. the model is
driven for ten vears from 1978 to 1987 with the svn-
opti¢c wind-stress estimates. Model results from the final
vear (i.e.. January 1987-December 1987) are com-
pared with the Geosat altimetric sea-level observations.

Earlier. Pares-Sierra and O'Brien (1989) demon-
strated that the large-scale features of the California
Current at the sea surface can be simulated in quali-
tative fashion with a wind-driven reduced gravits 113
layer PE model. This is demonstrated in the upper
panel of Fig. 3, where the mean upper-layer thickness

YOGS I 0 20 4q-

distmbution from the PE moadel onver the €antoris
Current region s dusplased In s menrn Svnd

the eastern hmb of the sublropal gune van b s
dnven by the mean lorge-soale sntivacionn wirdd
curl over the Nonrh Pacihic The seutheond 0
constitutes this porton of the subtapaal g
California Current, found to ovour 2375
coast of California. tending 1010 the Codst us Ine Cutem
nears northern Mexico (e Busa Catiformgs o g
coast of Califormia, the current s well separated from
the coastal waveguide by a trough i s fovel tha
curs 100-200 km offshore. Inshore of s trough e
increase of sea level toward the coast indwated 1he
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presence of a coastal countercurrent. someumes called
the Davidson Current. The Davidson Current is stron-
gest in winter along the northern portion of the Culi-
fornia coast. The California Current is seen to be well
separated from the coast of California: hence. the two
sources of mesoscale eddy activily 10 be examined in
this study (i.e., baroclinic insiability and coastal wind
generation ) are also seen 1o be separated geographically.

In the PE model, the location of maximum van-
ability in response 10 synoptic ENOC wind-stress fore-
ing is not in the California Current iself but in the
waveguide adjacent 10 the coast of Califoraia. This can
be seen in the lower panel of Fig. 3. where the spatial
distribution of the rms of sea-level residuals is dis-
played. Overall, the maximum rms variahility is con-
fined 10 the coastal ocean in two different latitude lo-
cations. A latitude maximum occurs adjacent 16 the
coast of Northern Califormia from 37° to 40°N. ex-
tending from Monterey to Cape Mendocino. very sim-
ilar to that observed in Fig. 2. Another local maximum
occurs southwest of Point Conception. where intense
variability is observed in the local wind-stress field east
of the Channel Islands. These areas of enhanced me-
soscale vanability coincide with those found by Cum-
mins et al. (1986). Most imponant are the exiensions
of the two rms vanability maxima in Fig. 3 toward the
southwest, consistent with that observed in Fig. 2 and.
again. suggestive of westward propagation from the
coast into the California Current located in the oSshore
region.

This rms distribution is the result of an annual pat-
tern of upwelling and downwelling associated with the
annual north-south reversal of the wind stress along
the coast. Superimposed on this are the upwelling/
downwelling events associated with svnoptic changes
in wind-stress forcing: these synoptic events, howexer,
are generally much smaller than those associated with
the annual cvcle of wind-stress variability. The latter
results from a deepening (weakening) of the semiper-
manent continental thermal low over California during
spring-summer (autumn-winter), which generates
strong northwesterly (weak northwesterly ) wind stress
parallel to the coast. Strong northwesterly wind stress
is upwelling favorable, represented in the PE model by
a reduction in the depth of the upper faver. Weak
northwesterly wind siress along 1he southern part of
the domain, and a reversal of the direction of the wind
stress in the vicinity of Cape Mendocino, during au-
tumn-winter weakens the upwelling pattern. This is
interspersed with regions of coastal downwelling. Sea-
sonal coastal variability is strongest in the vicinity of
Cape Mendocino, where an actuaf seasonal wind-stress
reversal is present, with a secondary maximum occur-
ring southwest of Point Conception.

4. Eddy-resolving quasigeostrophic model of the
California current

A quasigeostrophic (QG) eddy-resolving model
(Holland and Vallis 1990) is used 0 investigate the

13
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role of barochmc instabilgy &5 a mechanssm for gen-
grating mesoscale eddy aciinaty in the Cabiforma Cur-
rent. Detaids of the physics of this model can be found
i Holland (1978, and discussion of similunnies and
differences between mululaver QG snd PE models s
conducied in Holland ( 1985 1986} The same model
15 used by Auad et al {1991) 1o study the circulation
and energetics of the castern Pacihc from the point of
view of QG dynamics. The equations of the maodel are

D@, Vxr .
= B, 4 AT - TG,
D1 pnf‘!";\ . Hy 'y €y ¥
where
2 R -, /( N ) [n"’ .
QA = U+ L+ ;’;i{hiaé;: = hy o, 2l ';"{“:OA »

1s the QG potential voruony for the fth laver (4 = 1,
8). Here ¥V X 7 is the wind-stress curl. pg 13 the reference
density of the flusd. #, 1s the kth laver thickness: &,

is 3 Kronecker delia. 4,1 the lateral fncuon coefhcient.
¥ is the total streamfunction for the Ath laver. ¢ s the
botiom friction cocthcient. 4, and 3 are the Conobs
parameter and its mendional gradient. respectively.
taken at the model central lattude 1, = 33°NUA(x. 1)
is the bottom topography. The total derivauve operator
s D/Dt = 3/t + J(,. ( )}). where the last term s
the Jacobian operator. The 4, ., ~ ssmbol represents
the verucal displacement of the (K < i/~1th interface.
which can be regarde- as an isopyenal surface:

fo

hknl/Es (';‘L"‘v"i-:).

R

where gi.,; is the reduced gravity corresponding 10
the (K + t/~)1h interface. An imponant characteristic
of this model. in regard 10 the present study. is the
form that the boundary condition takes in terms af the
primary field . The bounduny condition imposed ut
the lateral boundaries is that of no normal flow, that
1S,

n-F = Q= =const atthe boundary:

in particular. the depth of the upper laver (h x
— 1) is constant along the boundary (but 3 function
of time) (Holland 1978). The method for soiving these
equations has been given in many papers (e.g.. Holland
1978. Cummins and Mysak 1988; Holland and Valiis
1990).

This QG model extends over the same domain as
the PE model (i.e.. 20°-50° N, coast of North America~
150°W). with approximately the sume spacc-time grid
resolution and with eight lavers in the verticul,

Many earlier studies using this QG modcl concen-
trate upon simulating mesoscale eddy activity in the
very energetic western boundary currenis{c.g.. Schmitz
and Holland 1986 ). In the study of the California Cur-
rent, a different sct of model parameters is chosen. re-
quiring the mode! 10 simulate castern boundary current
variability with much greater vertical resolution in the
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upper S00 m of ocean and with less density cornirast
between lavers. The model parameters used i this
study are given in appendix B. The reduced gravity
estimates are based on histoncal CalCQOFI hvdrographic
observations taken near the California coast.

Integration of this eddy-resolving QG model occurs
in step-wise fashion similar 1o that used in integrating
the PE model. The mean wind-stress curl used to force
the model is computed from the FNOC Surface Wind
Analysis extending for nearly 10 vears from 1977 w0
1987. The QG model is integrated from rest using the
annual cycle of monthly mean wind-stress curl until
statistical equilibnum is reached: then the model is
driven through three cvcles of the 7-vear synoptic wind-
stress curl. During the last vear of this integration { Jan-
uary-December 1987), QG model upper-laver thick-
ness estimates

e h= '—,f‘z‘ (1~ ¥2)
£312

are saved for a comparison between those observed
and those from the PE model.

The spatial distribution of mean upper-laver depth.

for the January-December period from the eddv-re-
solving QG model 1s given in the upper panel of Fig.
4, This distribution is qualitatively similar to that given
in the upper panel of Fig. 3 obtained from the 11/
layer PE model. since both maps are determined by
the distribution of the mean wind-stress curl. In each
case, the California Current is found to occur 250-750
km off the coast of California.

The spatial distribution of the rms variability in sea
level from the eddy-resolving QG model is shown in
the lower panel of Fig. 4. The QG model presents a
very different spatial pattern of variability than that of
the PE model (and of the observed data) shown in the
lower panel of Fig. 3. Mos® conspicuous is the absence
of strong variability along the coast, panicularly be-
tween Monterey and Cape Mendocino. Rather, the
dominant characteristic of the QG model reflected in
the spatial distnbution of rms is its ability 10 sustain
baroclinic mstability in the mean currents. This is most
strongly evidenced by the presence of a zonal band of
high rms variability in the southern portion of the
model domain (20°-25°N). This occurs in the region
of westward return flow of the subtropical gyre. where
conditions for baroclinic instability are more favorable
than, say, for the California Current (e.g., Lee 1988).
Yet, 10 a lesser degree, baroclinic insiability occurs in
the California Current as well. evidenced by an along-
shore band of maximum values of the rms differences
superimposed upon the mean position of the California
Current. Auad et al. (1991), using this same model.
showed the highly energetic eddy fields of the coastal
region (their area 1) 1o be fed by energy transmitted
ficm the wind_into available potential energy of the
mean flow; subsequently, baroclinic instability pro-
cesses transform available potential energy into eddy
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FiG. 4. { Upper panel) Spaual distibution of the mean upper-lungr
thickness { m) obtained from the cddr-resolving QG mondet for 1he
one-year period January 1987-December 19K7. The 1otat mean oy
been substracted from the figure, { Lower panel) Spunal divinbution
of the rms residuals (cm) of the eddr resolving QG mande! wajes ot
for the one-vear penod January 19K7-Dccember fun?

kinetic energy. Their analysis also showed barochnw
instability dominating burotropic instabiitics i this
eddy-gencrating process. As pointed out by Auud ctal,
(1991). these energy paths represent only averuged
processes. The contention that buroclinic instabihity
dominates barotropic instability or dircct wind foraing
does not mean that these other progesses are absent.
Other sources of mesoscale variabihity arc of course
possible in the QG formulation (and the PE muodch




besides baroclinic instability. Two candidates are
barotropic instability and direct wand-stress curl vani-
ability at the eastern boundary. In the study of Cum-
mins et al. (1986) the latter mechanism provides all
the vanability in the model. In their work waves can
clearly be seen emanating from the easiern boundary
at two principal locations near the coast and propa-
gating southwestwardly toward the far field. Although
this mechanism of generation is centainly present in
the QG model used here, its response is overshadowed
by the effect of baroclinic instability, as demonstrated
by Auad et al. (1991).

Another difference between the PE and QG model
is the freedom of the former 10 respond 1o the irrota-
tional part of the wina stress that s precluded a prion
in the QG model. By decomposing the wind-stress fieid
in1o an irrotational part and a nondivergent part [i.e.,
r=v¢ + ', where VX ¢ =0and V-r* = 0, see
Morse and Feshbach (1953)], we can quantifv the
contribution (not shown ) of the irrotational part of the
wind in the PE model. By forcing the PE mode! with
only ¥ we find that the response in the open ocean is
minimal. At the coast. although an evident seasonal
cvcle exists, its magnitude is negligible compared 1o
the magnitude of the seasonal cycle produced by the
nondivergent part of the wind.

The main dvnamical difference between the two
models is, however, the filtering of gravity waves in the
QG model. As discussed below, this is the decisive fac-
tor explaining the lack of observed mesoscale variability
in the coastal QG model. Moreover, it explains the
inability of the QG model to stmulate the observed
radiation of coastal eddy energy into the ocean interior,
a process that we argue is determinant in the eastern
Pacific.

5. Intercomparison between observed and model
RMS variability

The characteristic spatial distribution of the rms re-
siduals in altimetric sea level displaved in Fig. 2 are
compared with those of the PE and QG models dis-
played in Figs. 3b and 4b. As discussed earlier. maxi-
mum rms variability in observed altimetric sea level
occurs adjacent 1o the coast of Northern California
from 37°N to 40°N, coincident 1o the region of max-
imum annual vanability of the wind stress (e.g.. Nelson
1977). Southwest of Point Conception, a local maxi-
mum in rms vaniability exists; a focal minimum in the
rms occurs in the California Bight; and another local
maximum occurs adjacent to Punta Eugenia.

To affect the comparison of the spatial distribution
of the two sets. the sea-level residuals from the PE
model are treated to exactly the same preprocessing
filters as applied to the altimetnic sea-leve! observations
described in section 2. Also, the iwo datasets are taken
over exactly the same time period. Upon inspection of
these two spatial distributions. that from the PE mndel
is seen 10 be qualitatively similar 10 that observea. The
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rms spaual distribution of the PE model displans a
maximum between Monteres and Cape Mendocino.
similar to that observed in both configuration and
magnitude. Farther to the south. the PE model repro-
duces the local rms maximum obseneq southwest of
Point Conception. Again, a local rms mimimum in the
California Bight separates the former maximum from
the coast.

The contours of rms vanability in the PE mode] are
concentrated somewhat cleser 10 the coast than with
the observed altimetric sea level. particularly nonh of
35°N. This is probably due 10 the suppression of west-
ward propagation of coastal disturbances nonrnh of ap-
proximately 35°N on period scales less than one vear,
that 1s, 10 the existence of a critical latitude (McCreary
et al. 1987). In the panicular PE model we are using
{ 112 Javers), coastal vanability is not allowed 1o prop-
agate into the California Current north of 35°N_ except
on time scales exceeding one vear. Mesoscale eddy ac-
tivity in the model California Current north of 35°N
is associated with periods that exceed one veur in du-
ration. This is only partially true in the obsenations,
where both longer and shorter period activity 15 found
in the California Current nonth of 35°N. A finer modal
structure in the model is probably needed 10 simulate
this broadened spectral band.

The spatial distribution of the rms sca-level residuals
from the eddyv-resolving QG model is shown in Fig.
4b. Upon inspection of observed and QG-maodel spatial
distributions of rms (Fig. 2 and 4b). the QG modcl
can be seen 10 present a very different spatal pattern
of vanability than is observed. Most conspicuously the
QG model is unable 10 simulate the intense variability
along the coast. particularly between Monterey und
Cape Mendocino. Rather. the spatial distribution of
rms vanability in the QG model favors the gencration
of variability in the major currents that constitute the
subtropical gyre (i.e.. the California Current and the
North Equatorial Current}. This is induced by baro-
clinic instability processes. This pattern of vanability
in the observed rms vanability is overshadowed by
coastal seasonai variability. Moreover, the magnitude
of these rms sea-level residuals in the California Current
are smaller than those observed. suggesting that local
baroclinic instability processes in the California Current
are dominated by mesoscale eddy activity generated at
the coast.

6. Coherence and phase between the ohserved and
model sea level

Having shown that the PE modcl is ablc 1o simulate
the spatial distribution of the rms sca-level residuals
about the mean. we now examine the model’s ability
10 simulate the phase of the dominant obscrved sca-
ievel variability, Longitude-time muatrices for observed
and model sea-level residuals are presented 3t 40°N in
Fig. 5 and at 30°N in Fig. 6. Each longitude-time ma-
rix extends from the coust of California westward 1o
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140°W for the one-year period January 1987-Decemn-
ber [987. The spectrai coherence and phase between
the two matrices at each latitude are also given.

A1 40°N, both the observed and model sea-level re-
siduals are dominated by a strong annual cycle (upper
panels Fig. 5). From November 10 May. values are
positive along the coast, indicating a downwelling re-
gime brought on by strong poleward wind stress. After
May, positive values propagate westward with negative
values developing at the coast. In both matrices, the
region of positive and negative residuals propagates
westward from the coast as the residuals of opposite
sign develop at the coast. This process is associated
with Rossby wave propagation (Pares-Sierra 1991).
Note, however, in both matnces this westward prop-
agation is arrested at 250-300 km from the coast. as-
sociated with a rapid reduction in the magnitude in
the offshore direction. In the PE model. this is a man-
ifestation of the Rossbv wave critical latitude, where
waves of annual period generated at the coast are
trapped near the coast at 40°N. this due to their strong
offshore decaying factor at these periods { McCreary et
al. 1987}. From the good qualitative comparison be-
tween these two longitude-1ime matnces in the coastal
waveguide, we can infer that similar dvnamical pro-
cesses are operating in the observed situation as welil
1o trap eddy energy in the coastal waveguide. West of
the zoastal waveguide (i.e.. in the California Current),
both the observed and model longitude~time matrices
display longer period-scale variability required to es-
cape the coastal trapping mechanism. The observed
matrix does contain higher-period mesoscale eddy ac-
tivity west of the coastal waveguide. but its energy is
small compared to the longer period activity that has
its origins at the coast: its source could be baroclinic
instability or local forcing by the time-varying wind
curl.

Within the longitude-time matrices at 40°N, ob-
served mesoscale eddy activity displavs a wider range
of spatial and temporal scules than in the PE model.
Mode] sea-level residuals are heavily dominated by the
annual frequency, with little influence of the higher-
frequency variability that is observed. We believe this
to be due 10 the lack of baroclinic instability in the
model, possibly exacerbated by the lack of mesoscale
synoptic wind-stress estimates with which to force the
PE model. The differences in the patterns of spectral
energy density in the zonal wavenumber-frequency
domain ( not shown ) confirm this inability of the model
to simulate the wider bandwidth of spectral response
to the wind-stress forcing. For the model sea-level re-
siduals. the spectral energy density is concentrated at
frequencies lower than about 0.3 cycles/month (i.e..
corresponding to periods greater than approximately
4 months). For the observed sea-level residuals. most
of the speciral energy is also below 0.3 cycles/month.
but above this frequency the spectrum is relatively flat,
with an order of magnitude greater spectral energy
density than in the PE model.

ByRru3-Al 4.3
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Both zonal wavenumber-frequency spectra a1 30°N
display peaks in their spectral energy density 1o the
negative wavenumber quadrant neur the theorctical
Rossby wave dispersion cune, the latter calculated us-
ing the [12-faver PE mode! charactenistics. This indi-
cates that most of the energy in both the real and model
oceans propagates westward in the form of quasi-linear
Rossby waves, with shorter penods adjacent 10 the coast
and longer periods farther offshore.

Squared spectral coherence between the observed
and model sea-level residual matrices at 40°N {bottom
panel of Fig. 5) is significant, with squared coherence
larger than 0.5 for the range 0.0 10 0.03 cycles/day and
—0.5 10 ~0.17 cvcles/degree of longitude. Therefore.
at 40°N the PE model can explain more than 70% of
the vanance in that zonal wavenumber-frequency
range. These scales of vanability also dominate the
zonal wavenumber-frequency spectra and provide a
definition in this study for mesoscale eddy actvity.
Spectral phase indicates that for this range of zonal
wavenumbers and periods. where high coherence exists.
the model and observed signals are nearly in phase.

At 30°N, the ability of the wind-driven PE modecl
to simulate the observed altimetric sea-level residuals
{top panel in Fig. 6} is basicallv the same us at 30°N
{Fig. 5). Significant spectral coherence occurs between
the observed and model sea-level residuals over a range
of frequencies that include annual and semiannual pe-
nods. with a phase difference of less than 45° (1.e.. less
than 1.5 months). One difference is that at these penod
scales, westward propagation of signals from the coast
is not arrested by the influence of the critical latitude.
Moreover, in agreement with linear Rossby wave the-
ory, westward propagation of these signals from the
coast is faster at 30°N than at 40°N. as characterized
by a larger slope of the positive and negalive contours
in both longitude-time matrices in Fig. 3 compured to
those in Fig. 6.

8. Discussion and conclusions

In the Introduction. we hypothesized two sources
for the generation of mesoscale eddy activity in the
Caliiurnia Current. They are local baroclinic instabiiity
of the current and/or remote generation of eddy ac-
tivity by the wind stress adjacent 10 the coast. the latter
propagating westward into (and through ) the California
Current via Rossby wave dvnamics. In this study. two
models are utilized to test the relative significance of
these two sources. One model is eddv resolving and
quasigeostrophic (QG). with the ability 10 represent
baroclinic instability but not the coastal response to
winds. The other model is a noneddy resolving /-
layer pris._tive equation [ PE). with the ability 10 rep-
resent the coastal response 10 winds hut not baroclinic
instability. Both modcis have similar spatial grids (i ¢..
approximately 20 km) and are driven by the same
coarse-grid wind-stress forcing ficlds over the same one-
year lime period (i.c.. January 1987 to December
1987). This period is chosen because of the avaifability
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of Geosat altimetric sea-level observations with which
to verify the models.

We find in this study that the PE model is able 10
simulate gualitatively the observed distribution of the
eddy vanance as it appears in altimetnc sea Jevel. It
also yields significant coherence and phase between
modeled and observed sea-level residuals along longi-
tude-time matrices at 30°N and 40°N. The QG model,
on the other hand, is found incapable of simulating
the dominant qualitative features of the eddy variance,
The reason for the agreement between the PE model
and the Geosat altimetric sex-level observations is that
the dominant source of mesoscale eddy activity on
these time and space scales is the wind forcing adjacent
to the coast. Therefore, we conclude that the wind-
driven coastal generation of mesoscale eddy activity
dominates that of baroclinic instability in the produc-
tion of mesoscale eddy activity in the California Cur-
rent.

The more significant difference beiween the QG
model and the PE model in relation to this study is
the lack of the necessary degrees of freedom of the
former 1o sustain gravity waves [i.e.. Poinaré and Kel-
vin waves. Ripa (1991 )]. Aithough Poincaré waves are
probably not relevant for the scales being addressed
here, the filtering of Kelvin waves [by both the as-
sumption of subinertiality (i.e., {/af <€ 1). as weil as
by the requirement of constancy of ¢ (and of 4) along
the coast] probably suppresses a large percentage of
coastally generated variability in the QG model. At
least, the contribution to the mesoscale variability gen-
erated equatorward of some area of interest would be
absent. This latter source has been shown 1o be very
important at certain scales (e.g.. Pares-Sierra and
O'Brien 1989). Even more importantly. the QG re-
quirement of constant laver depth along the coast very
effectively buffers the response of the coastal ocean to
localized wind events. Wind forcing would have to be
very strong and the evenis would have 10 last long
enough 10 lift the whole boundary at the same time.

We recognize that QG models are adequate for
studying some processes in the California Current, but
omne of these processes is not the generation of the roraf
mesoscale variability. One of its key ingredients,
namely direct wind forcing of coastal vanability is
missing from the physics available in this model. It has
been shown in this study that the eastern Pacific Ocean
is not a suitable location for utilization of the QG model
physics, On the other hand, if we were irying to study
the dynamics of baroclinic instability in the Culifornia
Current, for example, the opposite would be true; that
is, the lif>-layer PE model would be useless and the
QG mode! would be very appropriate.
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APPENDIX A

Summary of Reduced-Gravity Model Parumeters

Coetheient of eddy vicosiy 3IS0m
Drag coethicient 1.8 > 107
Reduced gravity 00t ms*
Inival upper-laver depth 200 m

APPENDIX B

Summary of Quasigeost. . phic Model Parameters

100, 150. 230, 450. 650. 900.
1150, 1350

0.007061, 0.008196. 0.008389.
0.005:21. 0.002170.
0.0005094, 0.00006508

Layer thicknesses (m)

Reduced gravities {m s7°)

Lateral friction coefficient 200
{m*s™}
Hs™h 7.943 % 1073
g{m™ s 1.92 x 107"
Earth’s radius (m) 6.37 x 10*
REFERENCES

Auad. G., A. Pares-Sierra. and G. Vallis. 1991: Circulation and encr-
getics of a model of the Culifornia Current sysiem. J. Pl
Oceanogr., 21, 1534-1552,

Bernstiein, R. L.. L. C. Breaker, and R. H. Whniner, 1977: Caiifornia
Current eddy formation: Ship. air and satellite results. Scicnce.
195, 353-35y.

Camerlengo. A. L..and .. J. O'Bnen. 1980: Open boundary condinons
in rotating fuids. J. Comput. Phys., 38, 12-35.

Cummins, P. F.. L. A. Mysak, and K. Hamiiton. 1986: Generations
of annual Rossby waves in the North Pacific by the wing-siress
curl. J. Phyvs. Oceanogr., 16, 19791189,

Cummins. P.. and L. Mvysak. 1988: A quasigeostrophic circulation
model of the Northeast Por'fic. Part I: A preliminany numerical
experiment. J. Phys. Oc ngr, 18, 1261-1286,

Hickey. B. M., 1979: The Culifornia current system——hs pothesis and
facts. Progress in Oceunogruphy, Vol. 8, Pergamon, ————,

Holland, W. R., 1978: The role of mesoscale eddies in the general
circulation of the ocean: Numerical experiments using a wind-
driven quasigeostrophic model. / Phvs. Oceanogr., 8, 363-392.

———, 1985: Simulation of mesoscale ocean variability in midlatitude
gvres. Atmospheric and Oceanie Modeling. tdvances in Geo-
physics, Vol. 28A. Academic Press, ——-—.

—— 1986: Quasi-geosirophic modelling of the eddv-induced ocean
circulation. Advanced Physical Occanographic Numerical Afod-
clling, ). J. O'Brien, Ed.. D. Reidel. 203-231.

——, and L. B. Lin, 1975a: On the generation of mesoscale cddies
and their contribution 1o the ocean general circulation. 1. A
preliminary numerical experiment. J. Phys. Occanogr.. 5, 642-
657.

—, and ~——, 1975b: On the generation of mesoscale eddies and
their contrbution (o the occan gencral circulation, Pan H: A
parameter study. J. Phey. Oceanogr., 8. 658669,

——, and G. K. Vallis. 1990 An cddy-resolving model of the Coli-
fornia Current nested in g model of the Nonh Pacitie, J Phis
Oceunogr., submitted.

Lee. D-K.. 1988; A numerical study of the nonfincar stability of the
castern ocean circufation. J. Geoplies, Res., 93, 10 63010 644,

McCreary, ). P, P. K. Kundu, and S. Chao. 1987; On the dynamies
of the Californin Current system. J. Mur. Res, 45, 132,

Morse, P. M. and H. Feshback, 1953 Aferhiods of Theorctical Phasics.,
McGraw-Hill. 997 pp.

Mysak, L. A.. 1983 Generation of annual Rosshy waves in the North
Pacific. J. Phys. Oeeanogr., 13, 1908-1921,




012

Nelson, C. S.. 1977: Wind stress and wind-stress curl over the Cali-
fornia current. NOAA Tech. Rep. NMFS SSRF-714. — pp.

Owen. R. W.. 1980: Eddies of the Catifornia Current System: Physical
and ecological characteristics. T Culifornia Istund: Proveedings
of @ Mulii disciplinary Svmposium. D. Power. Ed.. Santa Barbara
Museum of Natural History, 237-263.

Pares-Sierra. A.. 1991: Remote and local forcing of the Rossby wave
variability in the midlatitude Pacific ocean. Geofis. Int., 30, 121-
134,

—=—.andJ. J. O'Brien, 1989: The seasonal and interannual variability
of the California Current system: A numerical model. J. Geo-
phys. Res.. 94, 3159-3180.

Rienecker, M. M., C. N. K. Mooers, and A. R. Robinson. 1987;
Dynamical interpolation and forecast of the evolution of me-
soscale features off the northern California. J. Phys. Oceanogr.,
17, 1187-1213.

Ripa. P.. 1991: General stability conditions for a multi-laver model.
J. Fluid Mech., 222, 119-137.

Robinson. A. R.. J. A. Cunton. N. Pinardi, and C. N. K. Maoers.
1986: Dynamical forecasting and dynamical interpolation: An
experiment in the California Current. J. Pinvs. Oceanngr.. 16,
1561-1579

Schmitz, W. J.. and W. R. Holland. 1986: Observed and modeled
mesoscale variability near the Gulf Stream and Kuroshio Ex-
tension. J. Geopliys. Res., 91, 9624-9638,

Simpson, 1. 1., C. J. Koblinsky, L. R. Haury,and T. D. Dickev. 1984:;
Ar offshore eddy in the California Current system. Progress in
Occanography, Vol. 13. Pergamon, 1-111.

White, W. B.. C.-K. Tai. and J. DiMento. 1990: Annual Rossby wave
characteristics in the California Current region from the GEO-
SAT exact repeat mission, J. Py, Oceanogr.. 20, 1297-1311.

- Wyllie, J. G.. 1966: Geostrophic flow of the California Current a1
the surface and a1 200 m. CALCOFI Atlas, 48 pp and 288 charts.

QL



T

APRIL 1993
APRIL 1993
APRIL 1993
APriL 1963
APRiL 1993
ApriL 1993
APRIL 1993
APRIL 1993
APRIL 1993
APRIL 1993
APRIL 1993

APRIL 1993

LrA LS ~/f

PARES-SIERRA

PARES-SIERRA

PARES-SIERRA

PARES-SIERRA

PARES-SIERRA

PARES-SIERRA

PARES-SIERR A

PARES-SIERRA

PARES.SIERRA

PARES-SIERRA

PARES-SIERRA

PARES-SIERRA

EY
£ET
ET
€T
ET
ET
ET
ET
ET
ET
ET
ET

Al

AL

Al
AL

AL
AL

Al

AL
Al
AL
Al

e
00
(X
000
000
000
00
000
000
000
000
000

| Aocession For -~

["BTIS GRARI o

| DTIC TAB g -

! Unannownced 0

{ Justificatio

i

By
| Dietgibution/ .

e e

Availability Codefl

Avail andjor
Pist Special
,‘/ : M )




